Cigarette smoking is a major public health danger. Women and men smoke for different reasons and cessation treatments, such as the nicotine patch, are preferentially beneficial to men. The biological substrates of these sex differences are unknown. Earlier PET studies reported conflicting findings but were each hampered by experimental and/or analytical limitations. Our new image analysis technique, lp-ntPET (Normandin et al., 2012; Morris et al., 2013; Kim et al., 2014), has been optimized for capturing brief (lasting only minutes) and highly localized dopaminergic events in dynamic PET data. We coupled our analysis technique with high-resolution brain scanning and high-frequency motion correction to create the optimal experiment for capturing and characterizing the effects of smoking on the mesolimbic dopamine system in humans. Our main finding is that male smokers smoking in the PET scanner activate dopamine in the right ventral striatum during smoking but female smokers do not. This finding-men activating more ventrally than women-is consistent with the established notion that men smoke for the reinforcing drug effect of cigarettes whereas women smoke for other reasons, such as mood regulation and cue reactivity. lp-ntPET analysis produces a novel multidimensional endpoint: voxel-level temporal patterns of neurotransmitter release ("DA movies") in individual subjects. By examining these endpoints quantitatively, we demonstrate that the timing of dopaminergic responses to cigarette smoking differs between men and women. Men respond consistently and rapidly in the ventral striatum whereas women respond faster in a discrete subregion of the dorsal putamen.
Introduction
Tobacco smoking remains the leading cause of preventable death worldwide. Most smokers want to quit smoking, but few are able. Women have more difficulty quitting than men (Perkins et al., 2001; Piper et al., 2010) . They report more negative affect (Xu et al., 2008; Langdon et al., 2013; Doran, 2014) and greater cueinduced craving (Field and Duka, 2004; Carpenter et al., 2014; Doran, 2014) than men during acute withdrawal. Men tend to be more reinforced by the nicotine in cigarettes, that is, they are more sensitive to the nicotine level (Perkins et al., 2001) . Unfortunately, the neurobiological bases for these sex differences are unknown so it has been difficult to design gender-sensitive treatments. The nicotine in cigarettes activates nicotinic AChRs located on DA neurons leading to the release of DA in the mesolimbic DA system (Imperato et al., 1986) . Dopamine is implicated in the reinforcing effects of nicotine, mood regulation, and the saliency of cues and may, therefore, have a primary role in regulating sex differences in response to smoking.
Previous studies have used PET to measure smoking-induced striatal DA release (Barrett et al., 2004; Brody et al., 2004 Brody et al., , 2006 Scott et al., 2007) ; none were designed to examine effects of sex. These earlier studies relied on methods that were "tuned" to detect sustained alterations of DA release , but, in fact, the DA-ergic response to cigarette smoking is brief (on the order of minutes). We have optimized a new method ("lp-ntPET") for identifying highly localized DA transients in PET data (Morris et al., 2005 Normandin et al., 2012; Kim et al., 2014) , which allows us to probe the short-lived striatal DA responses to cigarette smoking on a voxel-by-voxel basis. In doing so, we create dynamic images ("DA movies"; Morris et al., 2013) of the brain from [
11 C]raclopride PET scans. DA movies are a new way of visualizing rapidly changing DA levels during smoking. With this method of analysis, the patterns of DA change with time need not be the same in different voxels. The strength of lp-ntPET over conventional methods is twofold. One, it is tuned to detect short-lived events, and is thus ideal for imaging the DA response to cigarette smoking. Two, the resulting DA movies contain previously unmeasurable timing information about DA activation in subregions of the striatum, in vivo. With lp-ntPET we can ask both "where" and "how much faster" the DA event was in one group versus another.
As a group, male smokers are known to be more sensitive than women smokers to the drug (nicotine) effects of cigarette smoking (Perkins et al., 2001 ). It has also been shown in animal studies that ventral striatal activation is involved in the initial stages of addiction but that at later stages, drug taking activates areas of dorsal striatum that are commonly associated with habit (Porrino et al., 2004; Everitt and Robbins, 2013) . To explain these known sex differences in smokers, we hypothesized that smoking must elicit some form of ventral striatal dopamine activation in men that, if it exists at all, is less pronounced in women.
Materials and Methods
Subjects. Sixteen nicotine-dependent tobacco smokers (eight males: 42.9 Ϯ 7.4 years, eight females: 33.1 Ϯ 9.7 years; p ϭ 0.04) were studied. Males and females were matched for dependence level using the Fagerström Test for Nicotine Dependence (FTND; Heatherton et al., 1991; male FTND score ϭ 5.5 Ϯ 0.7; female FTND score ϭ 4.9 Ϯ 0.6; p ϭ 0.5) and years smoked (males 19.9 Ϯ 2.1 years; females 17.0 Ϯ 3.3 years; p ϭ 0.2). Participants had no history of significant medical illness or major head trauma. All Axis I disorders except for nicotine dependence were ruled out. Smoking status was confirmed by plasma cotinine levels Ͼ150 ng/ml, urine cotinine levels Ͼ100 ng/ml (NicAlert cotinine test strips; Nymox Pharmaceutical), and CO levels Ͼ11 ppm on the day of intake. Subjects were instructed to abstain from any form of nicotine replacement therapy or medication during their participation. Overnight abstinence was confirmed with breath CO levels Ͻ10 ppm. Plasma nicotine and cotinine levels were measured as previously described (Staley et al., 2006) . The study was approved by the Yale Human Investigation and Radiation Safety Committees.
Scanning. A 3 T structural MRI scan for anatomical localization was collected from each subject. [
11 C]raclopride, a D2 antagonist, was prepared as previously described (Morris et al., 2005; Normandin et al., 2012) . Before each PET, a 6 min transmission scan was acquired for attenuation correction. [
11 C]raclopride was administered as an initial bolus followed by a constant infusion for 90 min (K bol ϭ 105 min). The mean radioactivity dose was 17.0 Ϯ 2.2 mCi (men: 18.0 Ϯ 1.4 mCi; women: 16.1 Ϯ 2.5 mCi; p ϭ 0.1). PET was performed with the HighResolution Research Tomograph (Siemens/CTI; FWHM ϭ 2-3 mm). During the scan, subjects smoked either one or two cigarettes of their own brand, at their own pace, starting at mid-session (35 min or 45 min after scan start) without leaving the scanner. (The protocol was changed from 45 to 35 min for start of smoking after the first two men and two women were scanned, and from two to one cigarette after the first five men and five women. Results were consistent across protocols.) As part of a test/retest study, four of the males underwent a second scan with identical conditions no earlier than 1 week later. To eliminate secondhand smoke, an air filter (Movex) was positioned in front of the scanner and above the subject's head for the scan duration.
Image reconstruction. PET data were acquired in list mode and reconstructed with MOLAR (Carson et al., 2004) correcting for motion on the event level using the high-frequency motion detection system (Polaris Vicra Tracking System; Northern Digital). MOLAR also corrects for scatter, attenuation, dead-time, normalization, scanner geometry, and point-spread function. Emission images were binned into 3 min frames. Images were de-noised with HYPR (Christian et al., 2010) to reduce spatial noise but to preserve critical temporal information. PET data were aligned to the subject's MRI and then to a standard MRI template with isotropic voxels (2 mm edges). A mask of the precommissural striatum (ventral striatum, dorsal caudate, and dorsal putamen) was applied to all PET data in template space (Martinez et al., 2003) . Investigation of DA activation was limited to the mask area.
DA movies and parametric images. DA movies were created from dynamic PET datasets according to our published methods (Normandin et al., 2012; Morris et al., 2013; Kim et al., 2014) . lp-ntPET is a model of tracer uptake, containing a time-varying term for effects of changes in neurotransmitter concentration. Unlike LSSRM (Alpert et al., 2003) , which also incorporated a time-varying term, lp-ntPET does not constrain DA curves to be one shape. The operational equation of lp-ntPET is linear in parameters so it can be fitted reliably and rapidly at every voxel:
C T and C R are the concentrations in the target and reference region, respectively. R 1 is the delivery ratio, k 2 is the transfer rate constant between the free compartment and plasma, and k 2a is the apparent efflux rate constant between the target tissue (taken as one compartment) and the plasma. h(t) represents the time course of activation (i.e., DA elevation above baseline) and ␥ encodes the magnitude of effect on k 2a . Each of the response profiles, h i (t), are parameterized as gamma variates and exponentials. The best response to explain the PET time-activity curve (TAC) at a voxel is selected from a precomputed library of 300 response functions. We used the gamma-variate formulation of Madsen (1992) :
where t D is the response start time relative to start of scan, t P is the time of maximal response relative to scan start, and ␣ is the "sharpness."
lp-ntPET was fit to the PET TACs at each voxel in the mask. The display of all response functions simultaneously constitutes a DA movie. In a DA movie, the DA response is retained only for voxels where the inclusion of the time-varying term improves the fit. Improvement is determined by the F test (Kim et al., 2014) . lp-ntPET produces novel endpoints. Binary maps of the voxels containing DA responses are referred to as "Significance Masks." Because the DA responses at each voxel are parameterized (Eq. 2) they can be represented as parametric images. Images of the "Peak Height" of DA curves [␥ * peak (h(t))] are produced from the fit of Equation 1. Temporal parameters, "Latency" (t D , time of cigarette), "Rise Time" (t P Ϫ t D ), and "Recovery Time" ͩ
After the F test, we applied a cluster-size threshold to correct for multiple comparisons. We have estimated that the likelihood of any false positive clusters larger than the predetermined threshold is 10% or less, overall (Kim et al., 2014) . "Probability of Activation" maps were generated by summing the Significance Masks by group and dividing by number of group members (Fig. 1a) . For test/retest subjects the average of their two Significance Masks was used. Spatial extent of activation induced by smoking was quantified as number of voxels activated by smoking and counted by subject in six subregions (left and right ventral striatum, dorsal putamen, and dorsal caudate) of the precommissural striatum (1004 voxels). The statistical significance of the sex difference in the mean number of voxels activated by smoking in a subregion of the mask was assessed with a permutation test. Here, we used significance masks before the application of a cluster-size threshold to assure a continuous distribution in the number of activated voxels. The null hypothesis of the permutation test was that men and women have the same number of smoking-activated voxels. One hundred thousand random resamplings of the 16 subjects were performed to produce pairs of groups of 8. A distribution of the mean difference in activated voxels by region was generated to assess the likelihood of any given difference occurring by chance. Two-sample t tests were performed voxel by voxel in SPM8 (http://www.fil.ion.ucl.ac.uk/spm/) on parametric images to locate clusters of voxels that contained significantly different DA timing and/or magnitude between males and females ( p Ͻ 0.05; uncorrected). For comparison of the magnitude of peak DA activation (␥), the search volume was limited to the ventral striatum (274 voxels) because our hypoth-esis based on the Probability of Activation maps was that men and women would differ there. For comparison of Rise Time, the search volume was limited to the dorsal putamen (408 voxels) because we hypothesized that women activated faster than men in a dorsal area. (Note: size of the search volume had no bearing on significance of our SPM results because we present the peak values uncorrected.) The data for these comparisons were parametric images by group before cluster-size and F test thresholds to guarantee a value in every voxel in the mask of each parametric map.
Results
Our main finding is that there is significantly more DA activation in the ventral striatum of male versus female smokers. A DA movie showing representative male and female smokers is given in Movie 1. Ventral striatal activation is absent in the female smoker. DA movies of the male smokers are consistent in appearance and distinct from women.
Probability maps for male and female smokers are shown in Figure 1a . The maps quantify what is visualized in the movies. A distinct difference between the maps is evident in the number of activated voxels in the right ventral striatum. Men activated significantly more voxels in right ventral striatum than women (18 Ϯ 6 vs 4 Ϯ 1, respectively; mean Ϯ SE) in response to smoking (Fig. 1b) . The results of the permutation test demonstrate that the right ventral striatal difference between maps is highly significant (p ϭ 0.01; this is a single comparison and does not require correction).
The test/retest comparisons revealed low within-subject variance. The mean difference in number of activated voxels in right ventral striatum was 11 for the four men who underwent two separate smoking scans. This relatively small within-subject variability in spatial extent of activation suggests the possibility of future, withinsubject cross-over studies of treatments. Figure 2 illustrates both spatial and temporal comparisons between the mean male and female responses to smoking. By comparing DA Peak Height images, we identified a cluster of voxels in which DA peaks were significantly higher in men ( Fig.  2a ; p ϭ 0.002 peak level, uncorrected). The mean DA curves for the identified cluster are shown in Figure 2b . The narrow envelopes for each curve (corresponding to mean Ϯ SE) indicate that the men responded rapidly and consistently in the right ventral striatum. In contrast, the women responded mildly, if at all, and without any temporal consistency.
We also identified dorsal striatal voxel values in the DA Rise Time images that were significantly smaller (faster) in women. The largest significant cluster of voxels was in the right dorsal putamen ( p ϭ 0.003 peak level, uncorrected; Fig. 3a) . Figure 3b shows a labeled canonical DA curve. Figure 3c shows actual mean DA curves for each cohort derived from the voxels in the cluster in Figure 3a . The fast Rise Time is evident in the average DA curves (Fig. 3c) for women (pink) as compared with men (blue). Dashed curves are mean Ϯ SE for the respective curves. In this region it is the male smokers who appear to respond very slowly and moderately, if at all. (Note: because Latency is not constrained to be constant across voxels or subjects, the average curves blur the high frequencies so a fast Rise Time is not maximally evident.)
Discussion
Our present findings point to DA action in the right ventral striatum as a primary biological substrate underlying sex differences in the drug reinforcement aspect of cigarette smoking. The ventral striatum is the locus of reinforcement and it follows that men, who smoke for the reinforcing effects of nicotine, have significant activations in the ventral striatum, which are characterized by a rapid DA response.
Women are not less dependent on nicotine than men but they tend to smoke for different reasons, including stress and affect regulation that may be more linked to the "habit" of smoking. There must be a unique neurocircuitry that explains the behavior of women smokers and is different from men. We propose that the locus of smoking reinforcement for women may be found in the dorsal striatum, which is also critical for habit formation (Porrino et al., 2004; Yin et al., 2006) . Our exploratory analysis of Rise Time images identifies a candidate element of the female neurocircuitry of tobacco smoking addiction. The observed locus with faster DA response in the dorsal putamen of women compared with men may underlie the more prominent habitual aspect of smoking for women smokers. The current study is limited by small sample size; with more subjects we could look everywhere in striatum for timing differences. We did not control for smoking pace or other topography, although it might differ by sex (Weinberger and McKee, 2012) .
None of the temporal differences observed could have been discovered without lp-ntPET (Normandin et al., 2012) . The con- ventional models of dynamic PET data typically estimate binding potential as an endpoint. But binding potential-a single static parameter-cannot convey both magnitude (of DA change) and timing (Yoder et al., 2004) . Even LSSRM (Alpert et al., 2003) , which contains a term for time variation in DA, does not allow for different timing parameters in different voxels or cohorts as does lp-ntPET. Had we used LSSRM, we could not have uncovered spatiotemporal differences in male and female responses to smoking. Our test/retest results, although limited, give confidence to the differences in probability of activation maps (Fig. 1) and suggest that our novel endpoints could be used for withinsubject studies. We have shown previously, with simulations relevant to cigarette smoking, that given 100 subjects, only 10/100 DA movies would have any false positive clusters. Watching the movies over and over, we were struck by the differences between men and women. Our desire to quantify what we saw lead us to explore the spatial extent of activation (Christian et al., 2006; Yoder et al., 2007) and to the probability of activation maps. The response to smoking is short lived, and thus well suited to lpntPET analysis, but we foresee the method having application for detecting brief neurochemical responses to (nonpharmacological) tasks performed in the PET scanner.
In earlier work with a nicotinic ligand, we discovered sex differences in the long-term regulatory effects of smoking on nicotinic receptors (Cosgrove et al., 2012) . Others have shown differential long-term effects of smoking on DA receptors in men versus women (Brown et al., 2012) . Thanks to our novel analysis tool (Kim et al., 2014) , the current study is the first to demonstrate spatial and temporal differences in the cigarette smoking-induced "DA signature" of nicotine-dependent men and women. The DA signature of smoking may represent an important multidimensional biomarker of smoking dependence and a tool for the development of gender-sensitive medications for smoking cessation.
